.-Bacteroides succinogenes was found to require both a branched-chain volatile fatty acid (e.g., isobutyric) and a straight-chain acid (e.g., valeric) for growth. The organism used the acids as precursors for the synthesis of long-chain fatty acids and fatty aldehydes, which in turn were employed in the synthesis of phospholipid, mainly ethanolamine plasmalogen. Isobutyric acid was incorporated primarily into branched-chain C14 and C16 acids (tentatively identified as 12-methyl tridecanoic and 14-methyl pentadecanoic acids, respectively), and into fatty aldehydes. Valeric acid was used mainly for the synthesis of n-C13 and n-Cm5 fatty acids and fatty aldehydes. Apparently the two short-chain fatty acids were built up by the addition of two-carbon units to form the longchain acids and aldehydes of the plasmalogen.
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Ruminal bacteria such as Bacteroides succinogenes, Ruminococcus flavefaciens (Sijpesteijn, 1951) , R. albus, and certain Borrelia species require volatile fatty acids for growth (Bryant and Doetsch, 1955; Allison, Bryant, and Doetsch, 1958; Wegner and Foster, 1960) . All cultures thus far studied require a branched-chain acid (isobutyric, isovaleric, or a-methylbutyric), and, in addition, certain species need one of the C5 to C8 n-acids. A combination of isobutyric and valeric acids satisfies the requirements of B. succinogenes S85, which was used in this work.
The purpose of the study was to determine how the acids are used by the organism. The small amounts required (less than 1.0 ,mole/ml 1 Present address: Research and Development Department, Phillips Petroleum Co., Bartlesville, Okla. of medium) suggest that they are employed in the synthesis of a vital cell component. This idea is supported by the results of Allison, Bryant, and Doetsch (1959) , who reported that R. flavefaciens incorporated isovalerate-1-C'4 into leucine and an unidentified lipid material. To establish the metabolic fate of the acids, B. succinogenes was grown with C14-labeled isobutyrate or valerate. Then the cells were fractionated and the radioactive components identified.
MATERIALS AND METHODS B. succinogenes S85, and the anaerobic culture methods employed, have been described previously Doetsch, 1954, 1955; Bryant, Robinson, and Chu, 1959) . The organism was grown in a basal medium that contained, in g/liter of distilled water: Trypticae (BBL), 10; yeast extract, 2.5; glucose, 5.0; KH2P04, 0.9; (NH4)2S04, 0.9; NaCI, 0.9; CoCl2-6H20, 0.002; CaCl2, 0.01; MgCl2*6H20, 0.024; Mn-S04-H20, 0.01; Na2CO3, 4.0; cysteine HClIH20, 1.0; and resazurin, 0.001. Isobutyrate was added at a concentration of 0.05 to 0.3 ,umole/ml of medium and valerate from 0.1 to 1.0 Amole/ml of medium. The medium was adjusted to pH 6.6 to 6.7 before autoclaving.
Tracer studies. The organism was grown with either isobutyrate-1-C14 and unlabeled valerate, or with valerate-_-C'4 and unlabeled isobutyrate. When the culture reached the late exponential phase of growth, the cells were harvested by centrifugation and fractionated into lipid, nucleic acid, and protein fractions as described by Roberts et al. (1957), except that 95% ethanolethyl ether (3:1; v/v) 60 to 68 C). The pooled petroleum ether extracts were washed four or five times with small portions of water and then evaporated to dryness. The residue, which contained the extracted lipids, was dissolved in 10 to 25 ml of chloroform and stored at -20 C.
Radioactivity was determined with a Mylar window gas-flow counter. All samples except those from chromatography columns were mixed with equal volumes of 2% gelatin in 0.02 N NaOH, and 1 ml of the mixture was applied to a 1-in. copper planchet. Other samples were examined at infinite thinness to eliminate selfabsorption. All counts were corrected for background.
Chromatography. Reverse phase paper chromatography was used to separate the C12 to C18 saturated fatty acids (Buchanan, 1959) . Acetic acid-formic acid (88 %)-H202 (30 %)-water (9:1: 1:1) was the solvent.
The nitrogen-containing component of the phospholipid was freed by hydrolysis with 6 N HCI for 3 hr at 108 C and identified by paper chromatography essentially as described by Block, LeStrange, and Zweig (1952) . The solvent system was butanol-acetic acid-water (75:10:25).
Phospholipids were separated on a silicic acid-Hyflo Super-Cel (2:1; w/w) column adapted from the procedure described by Hanahan, Dittmer, and Warachina (1957) .
Aldehyde p-nitrophenylhydrazones (aldehyde p-NPH), prepared essentially as described by Wittenberg, Korey, and Sevenson (1956) , were separated from other C14-labeled material on a silicic acid (Mallinckrodt, A. R.) column. The column was washed successively with 3 to 4 volumes each of methanol, ethyl ether, and petroleum ether before the sample was applied.
The aldehyde p-NPH were eluted by 50 to 70 ml of 15% ethyl ether in petroleum ether.
Gas chromatography of the methyl esters of fatty acids was performed with a 5-ft column containing 30% Apiezon L on 60 to 80 mesh, acid-and alkali-washed Celite. The operating temperature was 221 C. The methyl esters in the effluent gas were detected with a thermal conductivity detector cell. To confirm further the identity of certain peaks, the methyl esters also were analyzed on a polyester column (20 % LAc-3r-728 on 60 to 80 mesh, acid-washed Chromosorb W) at 210 C. Helium was the carrier gas for both columns. The peaks in unknown samples were identified both by comparing their r values (retention times relative to methyl stearate) with the r values of known fatty acids analyzed on the same column, and by comparing the observed values with published data (Farquhar et al., 1959) . The identification of branched-chain fatty acids was facilitated by comparing the chromatogram of the unknown acids with a chromatogram of acids from milk fat, which contains small amounts of branchedchain acids. To determine which peaks contained C14, fractions of the vapor from the Apiezon L column were collected in 12-in. lengths of Teflon tubing containing a small amount of glass wool. The tubes were dipped in n-hexane just before they were attached to the outlet of the thermal conductivity detector cell. The trapped methyl esters were rinsed from the tubes, and the rinsings were assayed for radioactivity. The amounts of fatty acids were estimated from the areas of the individual peaks as calculated by triangulation (Farquhar et al., 1959) . Methyl esters of fatty acids were prepared from saponified phospholipid (0.5 N KOH at 108 C for 12 hr) as described by Stoffel, Chu, and Ahrens (1959) , except that benzene was not used in the reaction mixture.
Analytical methods. Phosphorus was determined by the method of King (1932) . Ester bonds were measured by the hydroxamate color test of Stern and Shapiro, as described by Entenman (1957) . Soybean lecithin was used as the standard. The ester content of lecithin was assumed to be twice the molar phosphate content.
Fatty aldehydes were determined by the pnitrophenylhydrazine method of Wittenberg et al. (1956) . Lauraldehyde p-nitrophenylhydrazone was the standard. The latter material, which was prepared as described by Zilversmit, Marcus, and Ullman (1961) , had a molecular extinction coefficient in 95% ethanol of 22,400 at 390 m, with a slit width of 0.1 mm (Beckman DU spectrophotometer).
Glycerol in phospholipid samples was determined, as described by Neish (1952) , after hydrolysis with 2 N HC1 (Hanahan et al., 1957 grown with either isobutyrate-1-C'4 or valerate-1-C'4, at least 94% of the incorporated label was recovered in the lipid fraction of the cells (Table  1) . Unlike R. flavefaciens (Allison et al., 1959) , B. succinogenes did not incorporate label from isovalerate-1-C'4, nor did this acid satisfy the branched-chain requirement for growth of B. succinogenes (Wegner, 1962) .
As the first step toward identifying the labeled material, lipid extract from cells grown with isobutyrate-1-C14 was evaporated to dryness, the residue was dissolved in a minimal amount of ethyl ether, 10 volumes of acetone were added, and the mixture was held at -20 C overnight. The precipitated phospholipids contained 85 to 90% of the total radioactivity of the lipid fraction.
Phospholipid also was isolated from the extract by chromatography (Hanahan et al., 1957) . Figure 1 shows that most of the radioactivity and phosphorus were eluted in a single peak by chloroform-methanol (4:1; v/v). Similar results Identification of phospholipids. According to Hanahan et al. (1957) , chloroform-methanol (4:1) should elute the cephalins, that is, phosphatides containing ethanolamine or serine. Paper chromatography of acid-hydrolyzed phospholipid (Block et al., 1952) The material in peak 1, consisting mainly of free aldehydes, contained almost one-half of all the radioactivity in the original sample (Fig. 2) . Peaks 2 and 3, which contained fatty acids but very little aldehyde, accounted for the other half. This observation suggests that B. succinogenes uses isobutyrate in the synthesis of both fatty acids and fatty aldehydes.
Identification of fatty acids. Phospholipid from cells grown with isobutyrate-1-C'4 or valerate-1-C14 was saponified with 0.5 N KOH at 108 C for 12 hr. After acidification, samples of the free fatty acids were extracted with ethyl ether and subjected to reverse phase chromatography. Radioautograms prepared from the paper chromatograms showed label from valerate-grown cells in C,3 and C,5 fatty acids, whereas radioactivity and C16 fatty acids. These results were confirmed and extended by gas chromatography of the methyl esters of the fatty acids. Table 4 shows that 99% of the radioactivity recovered from valerate-grown cells was in the fractions containing n-C13 (tridecanoic) and n-C15 (pentadecanoic) fatty acids. For cells grown with isobutyrate-1-C14 (Table 5) , 81 % of the radioactivity was recovered in fractions containing iso-C14 (12-methyl tridecanoic) and iso-C16 (14-methyl pentadecanoic) acids. In this sample, 15% of the radioactivity was recovered in a fraction that should not contain branched-chain acids with an even number of carbon atoms (fraction 2). The labeled component in this fraction was not identified.
Separation of fatty aldehydes. Phospholipid was treated with p-nitrophenylhydrazine (Wittenberg et al., 1956) , and the resulting aldehyde pNPH were subjected to chromatography. Figure 3 shows that the aldehyde pNPH peak from a sample labeled by valerate-1-C14 was radioactive. A similar chromatogram was obtained with phospholipid labeled by isobutyrate-1IC14. This procedure did not resolve the indi- vidual aldehyde pNPH, but it did separate the hydrazones from other labeled lipid material (fatty acids and phospholipids). DIscussION This report amplifies and expands an emerging pattern of requirement for and utilization of short-chain volatile fatty acids by bacteria from the bovine rumen. Originally, Bryant and Doetsch (1955) reported that B. succinogenes required two saturated fatty acid components for good growth: one a branched-chain acid (isobutyric, isovaleric, or a-methyl-butyric), and the other a straight-chain acid (valeric, caproic, heptanoic, or caprylic) . We have confirmed these results with respect to isobutyric, a-methylbutyric, valeric, and caproic acids, but not with isovaleric acid. Initial trials with a commercial isovaleric acid (Wegner and Foster, 1960) allowed good growth of the organism, but the commercial product proved to be contaminated with a-methyl-butyric acid (Wegner, 1962) . Pure isovaleric acid did not support growth. Thus, this organism apparently can utilize the five-carbon acid when the methyl group is attached to the a-carbon atom but not to the 3-carbon.
B. succinogenes apparently uses both the branched-chain and the straight-chain acids for the synthesis of long-chain fatty acids and fatty aldehydes, which in turn are used in the formation of phospholipids. Our results thus far indicate that a Borrelia species from the rumen behaves like B. succinogenes (Wegner and Foster, 1960; Wegner, 1962) .
A second pattern of utilization is shown by Ruminococcus species, which require a branchedchain but not a straight-chain volatile fatty acid (Allison et al., 1958 (Allison et al., , 1962a . R. flavefaciens, strain C-94, uses either isobutyric acid or isovaleric acid for the synthesis of both lipid material and amino acids, the latter having one carbon atom more than the starting unit. For example, isobutyric acid gives rise to valine, and isovaleric acid to leucine (Allison et al., 1962a; Wegner, 1962) . R. albus, strain 7, can use isobutyric acid, but not isovaleric. Like B. succinogenes, it employs the short-chain acid only to synthesize lipids (Allison et al., 1962b) .
With regard to synthesis of lipid materials, the reactions shown in Table 6 have been reported for ruminal bacteria. In every instance, it will VOL. 85, 1963 ISOBUTYRATE AND VALERATE IN B. SUCCINOGENES It is clear that B. succinogenes synthesizes fatty aldehydes as well as fatty acids from the short-chain precursor acids. These aldehydes have not been studied extensively, but presumably they follow the same pattern as the acid products. Allison et al. (1962b) found that isovaleric acid was incorporated into both a branched-chain C15 aldehyde and a branchedchain C15 fatty acid.
Plasmalogens have only recently been identified in bacteria (Allison et al., 1962b) , although they are common in animal lipids. The function of plasmalogens, or for that matter, phospholipids in general, is uncertain. Phosphatidyl ethanolamine has been identified as the major lipid component in electron-transport particles from Azotobacter agilis and in chromatophores from Rhodospirillum rubrum (Marr, 1960) . In these particles the phospholipid may serve as a "cement" or structuiral component. Phosphatidyl ethanolamine has also been found as a major component in the lipids of Bacillus cereus (Kates, Kushner, and James, 1962) .
It is not entirely clear why some ruminal bacteria require short-chain volatile fatty acids as growth factors and others do not. It may be, as Bryant and Doetsch (1955) suggested, that these organisms have lost the ability to synthesize the short-chain starting units from which they make long-chain fatty acids (and aldehydes).
Some support for this idea can be obtained from the results of Akashi and Saito (1960) and Saito (1960) Even-numbered iso-acids, odd-numbered isoand anteiso-acids, and odd-numbered straightchain acids, as well as many branched-chain and odd-numbered fatty aldehydes, have been isolated from a variety of ruminant fats (Markley, 1960; Gray, 1960 Gray, , 1961 . Although no direct evidence is available, these long-chain acids and aldehydes might be synthesized from isobutyrate, isovalerate, a-methyl-butyrate, and valerate, all of which occur in the rumen, by bacteria living in the gut of the animal.
